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METHOD AND APPARATUS FOR COIN OR OBJECT SENSING USING 



ADAPTIVE OPERATING POINT CONTROL 



RELATED APPLICATIONS 

This application relates to and claims the benefit of United States Provisional 
Patent Application No. 60/324,154 filed September 21, 2001, which is incorporated 
herein by reference in its entirety. 

TECHNICAL FIELD 

The disclosed embodiments relate to sensing coins and other discrete objects. 

BACKGROUND 

A number of devices are required to identify and discriminate between coins or 
other small discrete objects. Examples of these devices include coin counting or handling 
devices, vending machines, gaming devices such as slot machines, bus or subway coin or 
token fare boxes, and telephones. These devices use sensors to provide information that 
is used to discriminate between coins and non-coin objects. Also, the sensors are used to 
discriminate among different coin denominations and among coins of different countries. 

Examples of coin handling devices and sensors are provided in United States 

Patent Numbers 5,988,348 and 6,196,371. Coins, in these devices, are cleaned and 

collected by a coin pickup assembly. Following cleaning, the coins pass a coin sensor. 

The sensor provides an oscillating electromagnetic field generated on a single sensing 

core. The oscillating electromagnetic field, composed of one or more frequency 

components, interacts with the passing coin. The interactions are monitored and used to 

simultaneously obtain data relating to two or more parameters of a coin or other object. 
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This data is used to classify the coin according to its physical properties, like size, core 
material, and cladding material Objects recognized as acceptable coins, using the sensor 
data, are accepted into coin bins. 

Typical coin handling devices and the associated sensors, however, can at times 
suffer from a number of deficiencies, including occasional discrimination errors. One 
major source of these discrimination errors has been temperature sensitivities associated 
with the sensor electronics. For example, the frequency components of the sensor 
magnetic field or oscillator are phase-locked to a common reference frequency. The 
oscillator frequency control voltage can drift as a result of temperature fluctuations in the 
oscillator electronics, thereby causing a drift of the reference output signal. As a large 
portion of the dynamic range of the typical sensor circuitry is used in accomodating the 
oscillator frequency control voltage drifts, less dynamic range is available for object 
discrimination. Therefore, the temperature fluctuations can ultimately result in a 
corresponding increase in discrimination errors and false-reject rates. Because some of 
these coin counting or handling devices are in outdoor areas where the temperature 
environment cannot easily be controlled, another solution is necessary. 
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BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a block diagram of a coin sensor including adaptive operating point 
(AOP) control circuitry, under an embodiment. 

Figure 2 is a four-channel oscilloscope plot showing changes in low frequency D 
(LF-D), high frequency D (HF-D), low frequency Q (LF-Q), and high frequency Q (HF- 
Q) signals as a coin passes a sensor, under the embodiment. 

Figure 3A is a schematic diagram of a low frequency phase-locked loop (LF 
PLL) circuit, under the embodiment of Figure 1. 

Figure 3B is a schematic diagram of a low-pass filter, low frequency (LF) 
amplitude detect, and low frequency Q signal (LF-Q) difference amplifier and output 
filter circuits connected to the low frequency phase-locked loop (LF PLL) circuit of 
Figure 3 A. 

Figure 3C is a schematic diagram of a low frequency D signal (LF-D) difference 
amplifier and output filter circuit connected to the low frequency phase-locked loop (LF 
PLL) circuit of Figure 3 A. 

Figure 4A is a schematic diagram of a high frequency phase-locked loop (HF 
PLL) circuit, under the embodiment of Figure 1. 

Figure 4B is a schematic diagram of a high-pass filter, high frequency (HF) 
amplitude detect, and high frequency Q signal (HF-Q) difference amplifier and output 
filter circuits connected to the high frequency phase-locked loop (HF PLL) circuit of 
Figure 4A. 
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Figure 4C is a schematic diagram of a high frequency D signal (HF-D) difference 
amplifier and output filter circuit of the high frequency phase-locked loop (HF PLL) 
circuit of Figure 4 A. 

Figure 5A is a schematic diagram of a low frequency adaptive operating point 
(LF AOP) control circuitry, under the embodiment of Figure 1. 

Figure 5B is a schematic diagram of a high frequency adaptive operating point 
(HF AOP) control circuitry, under the embodiment of Figure 1. 

Figure 6A is a flow diagram for power-up initialization of the adaptive operating 
point (AOP) circuitry, under the embodiment of Figure 1. 

Figure 6B is a flow diagram for controlling operating point voltages during 
operation of the adaptive operating point (AOP) circuitry, and following power-up 
initialization, under Figure 6A. 

Figure 7A is a power-up sequence and timing plot for the LDV control signal 
from the LF AOP of Figure 5 A and a corresponding LF-D sensor output signal from the 
LF D amplifier and filter circuitry of Figure 3C. 

Figure 7B is a power-up sequence and timing plot for an LQV control signal 
from the LF AOP of Figure 5 A and a corresponding LF-Q sensor output signal from a LF 
Q amplifier and filter circuitry of Figure 3B. 

Figure 8 shows baseline coin sensor response data versus temperature for a prior 
art coin sensor without adaptive operating point (AOP) control circuitry. 

Figure 9 shows baseline coin sensor response data versus temperature for a coin 
sensor including adaptive operating point (AOP) control circuitry, under the embodiment. 
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In the drawings, the same reference numbers identify identical or substantially 
similar elements or acts. To easily identify the discussion of any particular element or 
act, the most significant digit or digits in a reference number refer to the Figure number 
in which that element is first introduced (e.g., element 304 is first introduced and 
discussed with respect to Figure 3). 

Figure numbers followed by the letters "A," "B," "C," etc. indicate that two or 
more Figures together form a complete Figure (e.g., Figures 3 A, 3B, and 3C together 
form a single, complete Figure 3), but are split between two or more Figures because of 
paper size restrictions. 

As is conventional in the field of electrical circuit representation, sizes of 
electrical components are not drawn to scale, and various components can be enlarged or 
reduced to improve drawing legibility. Component details have been abstracted in the 
Figures to exclude details such as position of components and certain precise connections 
between such components when such details are unnecessary to the invention. 

The headings provided herein are for convenience only and do not necessarily 
affect the scope or meaning of the claimed invention. 
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DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS 

A coin sensor or coin discrimination system, and in particular, a method and 
apparatus for providing adaptive operating point (AOP) control in a coin sensor system, 
is described in detail herein. The AOP control is provided using circuits and associated 
methods and algorithms connected between measurement circuits of a coin sensor and a 
coin sensor oscillator. The AOP control automatically monitors and controls quiescent 
voltage levels of four signals used by the coin sensor to identify coins and discriminate 
between coin denominations. In addition, the AOP control automatically performs 
calibration and adjustment functions both during manufacture of the coin sensor system 
and during its operational life. The automatic monitoring and control functions provided 
by the AOP control result in a significant increase in the dynamic range of the coin sensor 
response. This reduces the coin false-reject rate over a temperature range from -5 
degrees to +50 degrees Celsius, and improves the coin discrimination accuracy. 

In the following description, numerous specific details are described to provide a 
thorough understanding of, and enabling description for, embodiments of the invention. 
One skilled in the relevant art, however, will recognize that the invention can be practiced 
without one or more of the specific details, or with other circuits, methods, etc. In other 
instances, well-known structures or operations are not shown, or are not described in 
detail, to avoid obscuring aspects of the invention. 

Unless described otherwise below, the construction and operation of the various 
blocks shown in Figure 1 are of conventional design. As a result, such blocks need not 
be described in further detail herein, because they will be understood by those skilled in 
the relevant art. Such further detail may be omitted for brevity and so as not to obscure 
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the detailed description of the invention. Any modifications necessary to the blocks in 
Figure 1 can readily be made by one skilled in the relevant art based on the detailed 
description provided herein. 

Figure 1 is a block diagram of a coin sensor 100 including adaptive operating 
point (AOP) control circuitry 102, or AOP circuitry, under an embodiment. The AOP 
circuitry 102 includes low frequency AOP (LF AOP) circuitry that connects to an LF 
coin sensing signal path 104-1 12 through the coin sensor 100, and high frequency AOP 
(HF AOP) circuitry that connects to an HF coin sensing signal path 1 14-122 through the 
coin sensor 100. Signals referred to herein as the "D signal" and the "Q signal" are each 
measured and controlled using the LF and HF circuitry, to thereby produce LF-D, HF-D, 
LF-Q, and HF-Q signals, described below. The D signal represents coin parameters 
including coin size or diameter, and the Q signal effectively represents a material 
composition or content of the coin, but are not so limited. 

In addition to the LF circuitry of the AOP 102, the LF coin sensing signal path 
104-1 12 includes an LF coin sensor phase-locked loop (LF PLL) 104, a low-pass filter 
106, LF amplitude detect circuitry 108, LF Q signal (LF-Q) amplifier and filter circuitry 
1 10, and LF D signal (LF-D) amplifier and filter circuitry 112. 

In addition to the HF circuitry of the AOP 102, the HF coin sensing signal path 
1 14-122 includes an HF coin sensor phase-locked loop (HF PLL) 1 14, a highpass filter 
116, HF amplitude detect circuitry 118, HF Q signal (LF-Q) amplifier and filter circuitry 
120, and HF D signal (LF-D) amplifier and filter circuitry 122. 

Referring to Figure 1, a coin sensor 100 according to an alternative embodiment 
replaces the oscillators controlled by phase-locked loops 104 and 1 14 with other types of 
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oscillating devices. In general, alternatives and alternative embodiments described herein 
are substantially similar to previously described embodiments, and common elements and 
acts or steps are identified by common reference numbers. Only significant differences 
in construction or operation are described in detail. 

In operation, generally, both PLLs maintain a constant frequency and respond to 
the presence of a coin by a change in a PLL voltage controlled oscillator (VCO) control 
voltage and a change in the oscillator signal amplitude. A sensor transducer or extended 
field transducer of the PLLs includes a ferrite core with inductive windings for both the 
HF and LF PLLs. As a coin passes through an opening in the transducer, there is a 
change in the reluctance of the magnetic circuit. This is seen by the coin sensor circuitry 
as a decrease in the inductance value and results in a corresponding decrease in the 
amplitude of the VCO control voltage, as capacitance of a corresponding varactor in the 
PLL is altered to maintain a constant frequency. This change in VCO control voltage is 
measured to produce the D signal. Both the HF PLL and the LF PLL generate D signals. 

The passing coin, depending on its composition, also causes a decrease in the 
amplitude of the oscillator's sinusoidal waveform due to eddy current loss, and this is 
measured as a second coin-identifying factor, i.e., the Q signal. The HF PLL and the LF 
PLL both generate Q signals. 

As a result of generating D and Q signals at two different frequencies, four signals 
represent the "signature" for identifying coins. The four signals are referred to herein as 
follows: low frequency D signal (LF-D), high frequency D signal (HF-D), low frequency 
Q signal (LF-Q), and high frequency Q signal (HF-Q). 
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The four signature signals are transferred to the AOP 102. In general, the AOP 
102 forms a closed control loop that provides a nearly constant quiescent operating point 
for the D and Q output signals. The AOP monitors the D and Q output signals, as 
described herein, and automatically makes incremental corrections to independent control 
voltages in order to maintain the proper output voltage level for the D and Q signals, and 
thereby maintains an effectively large dynamic range with which to identify and 
discriminate coins. The independent control voltages are used by the AOP to control the 
oscillator frequency and oscillator signal amplitude of the PLLs. 

Thus, the AOP controls the D and Q baseline signals so as to keep them relatively 
constant over an extended operating temperature range. It also provides constant 
operating points from unit-to-unit without special calibration during the manufacturing 
process, thereby eliminating adjustment potentiometers from the circuitry. 

Figure 2 is a four-channel oscilloscope plot 200 showing changes in low 
frequency D (LF-D) 202, high frequency D (HF-D) 204, low frequency Q (LF-Q) 212, 
and high frequency Q (HF-Q) 214 signals as a coin passes the sensor, under the 
embodiment of Figure 1. The shape and amplitude of the signal changes provide 
information as to the physical characteristics of the corresponding coin, characteristics 
including shape, size, material, and speed through the transducer. The coin 
discrimination software, which receives a digitized data representation of these signals, 
performs a discrimination function to categorize each coin and determine a speed of the 
coin through the transducer. 

Circuit schematics are now presented for both the LF and HF coin sensing signal 
path electronics in Figures 3A-3C and Figures 4A-4C, respectively. While schematics 
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are shown for both the LF and HF circuits, operation of these circuits is very similar 
except for issues related to the frequency difference. Thus, the following descriptions 
reference the schematics of the LF circuits, except where differences warrant discussion 
of the HF circuits. 

Figure 3A is a schematic diagram of the low frequency phase-locked loop (LF 
PLL) circuit 104. Figure 3B is a schematic diagram of the low-pass filter 106, the LF 
amplitude detect circuitry 108, and the LF Q signal (LF-Q) amplifier and filter circuitry 
110, under the embodiment. Figure 3C is a schematic diagram of the LF D signal (LF- 
D) amplifier and filter circuitry 1 12, under the embodiment. 

Figure 4A is a schematic diagram of a high frequency phase-locked loop (HF 
PLL) circuit 1 14. Figure 4B is a schematic diagram of the high-pass filter 116, the HF 
amplitude detect circuitry 118, and the HF Q signal (HF-Q) amplifier and filter circuitry 
120, under the embodiment. Figure 4C is a schematic diagram of the HF D signal (HF- 
D) amplifier and filter circuitry 122, under the embodiment. 

With reference to Figure 3A, the PLL 104 includes a voltage controlled oscillator 
(VCO), or oscillator, including an inductor L3 A (the sensing coil) and varactors D4 and 
D5. The PLL 104 further includes a phase comparator U28, or comparator, including an 
amplifier/filter output, a phase/frequency detector U27, and a reference clock (not 
shown). 

The oscillator is based on an inductor L3 A that is used as a coin sensing 
transducer. The oscillator uses sinusoidal oscillation across the inductor L3 A to 
periodically trip the comparator U28 and provide positive feedback through the 
comparator drive circuitry. The sinusoidal oscillation of the inductor L3 A is centered at 
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1.5 volts direct current (DC), but is not so limited. The oscillator signal is provided via a 
signal path 303 to the low-pass filter 106, LF amplitude detect 108, and LF-Q difference 
amplifier and output filter 110 circuits for measurement. Oscillator signal amplitude 
control voltages are received from the AOP circuit 102 via a LQV control signal path 
305. 

The transducer receives excitation at two frequencies through two coils wrapped 
on the same ferrite core. A first coil is the inductor L3 A operating as a low frequency 
coil of the LF PLL 104, and it is excited at a nominal frequency of 200 kHz. Referring to 
Figure 4 A, a second coil or inductor L3B is the high frequency coil of the HF PLL 1 14, 
and it is excited at a nominal frequency of 2.0 MHz. 

Referring back to Figure 3A, oscillator control voltages are provided to the LF D 
signal (LF-D) amplifier and filter circuitry 1 12 for measurement via a signal path 302. 
The quiescent operating point of the low frequency VCO, as measured via signal path 
302, is maintained using a LDV control signal 304. 

Drive for the oscillator is provided by the comparator U28. The comparator U28 
has a fast propagation time to minimize distortion due to phase delay, low input current to 
minimize loss, and remains stable while operating in its linear region. The comparator 
U28 operates from a single +5 volt supply. 

The output of the comparator U28 provides positive feedback drive for the 
oscillator through a resistor R61 . The amplitude of the oscillating signal varies and is 
correlated to the change in the tuned circuit quality factor, Q, due to a change in eddy 
current when a coin passes through the transducer gap. 
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The embodiment of Figure 3 A uses the complementary (inverted) output of the 
comparator as a negative feedback to the inverting input of the comparator. This 
introduces a low amplitude square wave at the inverting input of the comparator that is 
180 degrees out of phase with the sine wave of the non-inverting comparator input. This 
negative feedback loop, including resistors R67 and R68, thereby provides hysteresis at 
the inverting input of the comparator. This hysteresis, and the associated level shifting, 
reduces or eliminates jitter in the oscillator in the presence of high-frequency signal 
components. 

The PLL 104 also includes two varactors D4 and D5, as described above. A 
varactor, or tuning diode, is effectively a voltage-controlled capacitor. The varactor D4 is 
a component of the AOP circuitry 102, which maintains a quiescent VCO control voltage 
level of approximately 6.0 volts DC. A capacitance of the varactor D4 is adjusted based 
on the input signal LDV, as described below. 

Dynamic control of the oscillator frequency is provided by way of varactor D5. 
As the voltage input to the varactor D5 is changed, the varactor D5 changes the 
capacitive component of the oscillator. As the reverse diode voltage increases, 
capacitance correspondingly decreases. Thus, the PLL dynamically changes the VCO 
control voltage 302 in accordance with the change in inductance due to the presence of a 
coin, in order to maintain a constant frequency of oscillation. It should be noted that this 
VCO control voltage 302 is the signal used to indirectly monitor change of inductance in 
this circuit. 

The phase/frequency detector U27 performs control functions in the PLL 104. It 
compares the output frequency of the comparator U28 to a synchronized reference clock 
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signal, and has an output that varies as the two signals diverge. The output of the 
comparator U28 is directed through a loop filter-configured operational amplifier U25C 
having depicted resistor and capacitor component values calculated to provide a circuit 
response of 200 microseconds when there is a step change in the inductor value L3 A. 
This filtered output, which can vary through the range from approximately 3.5 to 7.0 
volts, couples to the VCO control voltage measurement signal path 302. Also, the VCO 
control voltage measurement signal 302 is monitored to detect any change of inductance, 
correlating to coin diameter, and is used to identify out-of-range signal levels. 

The quiescent operating point of the VCO control voltage 302 is adaptively 
maintained by the varactor D4 via LDV 304. The capacitance of varactor D4 is 
dynamically adjusted, by way of the AOP control circuitry loop, to compensate for 
changes in the circuit electronics so that a constant quiescent VCO control voltage 302 
operating point is maintained. 

Referring to Figure 3B, the low-pass filter 106, the LF amplitude detect circuitry 
108, and the LF Q signal (LF-Q) amplifier and filter circuitry 1 10 are now described. 
Amplitude measurement of the sinusoidal oscillator wave-forms is accomplished, 
generally, by demodulating the signal using a peak detecting circuit, and then measuring 
the difference between this peak value and a DC reference. This difference measurement 
is then scaled to utilize a significant portion of the analog-to-digital converter (ADC) 
input range (Figure 3C). 

The input signal 303 to the circuit, received from the LF PLL 104 is a sinusoidal 
signal centered at a known DC reference voltage. The input signal 303 is filtered with a 
low-pass filter 106. The filtered signal is demodulated by an analog closed-loop diode 
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peak detector 108. Demodulation is accomplished using a high-speed comparator- 
configured operational amplifier U26, a Schottky diode D3, and a hold-up capacitor C58. 
An RC network consisting of resistors R53, R56 and capacitor C58 drains the amplitude 
tracking signal at a rate commensurate with the time constant of the network. This time 
constant, approximately 50 milliseconds in this embodiment, is long compared to the 
period of the sinusoidal input, but short when compared to the time rate of change as a 
coin passes through the sensor. This relationship allows the peak detector 108 to react 
quickly to a change in amplitude caused by a coin event. The analog closed-loop peak 
detector 108 avoids the potential phase error problems that filter-stage phase lag and 
dynamic PLL phase shifts might create for a sample-and-hold implementation, and 
eliminates the need for a sampling clock. 

The Schottky diode D3 provides a fast signal response and low forward voltage 
drop. When a worst case forward voltage drop across the diode D3 is considered along 
with the dynamic input signal range of the comparator U26, the DC center voltage for the 
input signal 303 is predetermined. Resistor R52 prevents oscillation at the comparator 
U26 output by isolating the capacitive load. The comparator U26, with a high slew rate, 
is stable when operating in its linear region. 

The output of the peak detector 108 is compared to a difference voltage reference 
generator 344 in the amplifier and filter circuitry 110. Following comparison, the output 
is scaled and filtered with a difference amplifier and filter 346 using an op-amp U24B 
implemented as a difference amplifier. The difference amplifier U24B is configured to 
subtract the reference voltage level from the sine wave amplitude (peak detector 108 
output) and multiply the difference by a scaling factor. In the LF PLL 104, the scaling 
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factor is approximately 7.3. The HF PLL 1 14 scales the output using a factor of 
approximately 30.1. 

The output of the difference amplifier U24B is a low-pass filter comprising 
resistor R50 and capacitor C55 in the feedback path with a corner frequency at 
approximately 160 Hz. Also, there is a filter comprising resistor R51 and capacitor C57 
at the circuit output to filter high frequency transients caused by switching in the ADC. 
An output signal LF-Q 348 produced by the amplifier and filter circuitry 1 10 is coupled 
to the LF circuitry 500 of the AOP 102, as described below. 

The HF D signal (HF-D) amplifier and filter circuitry 122 is now described, with 
reference to Figure 4C, instead of the LF-D amplifier and output filter circuit 1 12 of 
Figure 3C, because the HF-D amplifier and filter of Figure 4C has additional 
components that warrant discussion. An input signal 402 from the HF PLL circuit 1 14 is 
pre-filtered via resistors R69 and R71, and capacitor C67, with a low-pass corner 
frequency of approximately 175 Hz. A subsequent filtered voltage divider formed by 
resistors R72 and R76, and capacitor C74, and a voltage follower-configured operational 
amplifier U29B provide a low impedance DC reference voltage to the difference 
amplifier stage. 

This amplifier and filter circuit 122 functions to subtract a reference DC voltage 
level from the input signal 402 and amplify the resulting difference by a scaling factor 
selected to maximize the use of the ADC input range. The input signal 402 is 
approximately 6.0 volts DC, and the quiescent output level (no coin state) is controlled at 
a level of approximately 4.5 volts DC via the AOP circuit 102. The scaling factors 
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provide a gain of approximately 10 for the HF signal, and a gain of approximately 4.02 
for the LF signal. 

The output is filtered in the feedback loop that includes capacitor C69 and resistor 
R75. This feedback loop provides a cut-off frequency of approximately 160 Hz. Also, 
there is a filter comprising resistor R70 and capacitor C68 at the output of the operational 
amplifier U29A, and it filters high frequency transients caused by switching the ADC. 
Finally, a transient voltage clamp is provided by Zener diode D6 to protect the ADC. 
The output control signal HF-D 468 is coupled to the HF circuitry 550 of the AOP 102 of 
Figure 5B. 

To monitor and control the LF and HF signals, as described above, the AOP 
circuitry 102 is used that includes two identical AOP control circuits 500 and 550. 
Figure 5A is a schematic diagram of the low frequency adaptive operating point (LF 
AOP) control circuit 502, while, Figure 5B is a schematic diagram of the high frequency 
adaptive operating point (HF AOP) control circuit 550, under the depicted embodiment. 
These circuits utilize identical software in their microprocessors, and in-circuit serial 
programming is allowed. As with the circuits previously discussed, the following 
discussion references only the LF AOP control circuit, except where differences warrant 
discussion of the HF AOP control circuit. 

In general, the AOP control circuits form a closed control loop with the PLL 
circuits that provides a nearly constant quiescent operating point for the D and Q output 
signals. The AOP circuits monitor the D and Q output signals as described above and 
automatically makes incremental corrections to independent control voltages in order to 
maintain a proper output voltage level for the D and Q signals. Thus, the AOP circuits 



Coinstar AOP circuit.doc 



17 



allow the D and Q base-line signals to remain constant over an extended operating 
temperature range. It also provides constant operating points from unit-to-unit without 
special calibration during the manufacturing process, thereby eliminating adjustment 
potentiometers from the circuitry. 

In controlling the D and Q signals, the AOP circuits 102 monitor the signals and 
send a compensating voltage to control the operating points described above. For 
example, the LF AOP circuit 500 and HF AOP circuit 550 detect an out-of-range VCO 
operating point voltage level and adjust a compensation voltage of signals LDV 304 and 
HDV 404 provided to varactors D4 and D6, all respectively, until the VCO operating 
point is in range. Thus, this includes monitoring the D signal, and a DAC of the LF AOP 
circuit 500 adjusts the voltage applied to the compensating varactor D5. 

The LF AOP circuit 500 and HF AOP circuit 550 also detect an out-of-range sine- 
wave amplitude operating point level and adjust the oscillator feedback voltage level 
LQV 305 and HQV 405, respectively, until the amplitude operating point is in range. 
Thus, this includes monitoring the Q signal, and the DAC of the LF AOP circuit 500 
adjusts the voltage applied to a pull-up resistor R57 in the oscillator feedback path of the 
LFPLL104 of Figure 3A 

The depicted microcontroller U13, manufactured by Microchip Technologies, part 
number PIC12C671, includes not only a processor and two ADCs, but on-chip 
programmability, non-volatile memory and is configured to use three output lines. 

Referring to Figure 5A, the AOP 500 includes a microcontroller U13 or 
embedded controller configured to receive inputs LF-Q 348 and LF-D 368 at two 8-bit 
ADCs within the microcontroller. Input LF-Q 348 is received from the LF Q signal (LF- 
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Q) amplifier and filter circuitry 110, and input LF-D 368 is received from the LF D signal 
(LF-D) amplifier and filter circuitry 112. The terms "microcontroller/ 5 
"microprocessor," or "processor" as generally used herein refers to any logic processing 
unit, such as one or more central processing units (CPUs), digital signal processors 
(DSPs), field-programmable gate arrays (FPGAs), application-specific integrated circuits 
(ASIC), or similar circuitry. 

The microcontroller U13 is coupled to provide serial output data to two 16-bit 
serial input digital-to-analog converters (DACs) U14 and U32. The microcontroller U13 
monitors input voltages and adjusts outputs every 200 milliseconds. There is, however, 
no output adjustment during coin present events; this is controlled using a 4.0 volt coin 
threshold on the LF-D 368 input. 

A D signal is received at the on-chip ADC of the microcontroller U13, which has 
an input resolution of 19.53mV per bit for a 5 volt range. The microcontroller U13 
provides the D signal to the DAC U32, which has a 165.3 microvolt least significant bit 
resolution at its output. Since the output resolution is much finer than the input 
resolution, and the sampling rate is slow relative to the settling time, the AOP circuit will 
not suffer from control loop oscillation. 

A 2X-amplifier and signal conditioning stage that includes operational amplifier 
Ul 5 A follows the DAC U32 to produce the LDV 304 signal. Signal conditioning 
includes removing high frequency noise (via resistor R9 and capacitor C23). The output 
voltage of the LDV output signal 304 is initialized at approximately 3.0 volts, as 
described below. 
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With reference to Figure 3A, the LF AOP circuit 500 controls the quiescent D 
operating point by monitoring the D signal every 200 milliseconds and adjusting the 
capacitance of the varactor D4 in the PLL 104 circuit using the LDV control signal 304. 
The incremental change of capacitance in the varactor D4 allows the LF AOP circuit 500 
to maintain the D output signal at a level of approximately 4.5 volts, despite changes in 
temperature, etc. 

An increase in the AOP-D output voltage results in a decrease in the D output 
signal level. The D signal is the gating signal for "coin present" hysteresis. If the D 
signal falls below approximately 4.0 volts DC, the AOP 102 halts incremental signal 
level adjustments for both the D and Q signals. Signal level adjustments resume when 
the signal recovers to a level above approximately 4 volts. 

Referring back to Figure 5A, in a Q signal control path, the Q signal is received 
at the second of the on-chip ADCs of the microcontroller U13 . The microcontroller U13 
provides the Q signal to the DAC U14. A signal conditioning stage that includes 
operational amplifier U15B couples to the DAC U14 and performs the following 
operation to produce the LQV signal: [((10-DAC output)/3) + DAC output]. The LQV 
output voltage is initialized at approximately 3.33 volts, as explained below. The LQV 
output range is approximately in the range 3.33 to 6.06 volts, with a resolution of 41 .67 
micro volts per LSB. 

With reference to Figure 3A, the LF AOP circuit 500 controls the quiescent Q 
operating point by monitoring the Q signal every 200 milliseconds and adjusting the 
voltage (and thus current) fed back to the transducer L3A in the PLL 104 oscillator 
circuit using the LQV control signal 305. The incremental change of voltage through 
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pull-up resistor R57 in the oscillator feedback path allows the AOP circuit to maintain the 
signal amplitude, and the resulting 4.5 volt quiescent output at the Q output signal. An 
increase in the LQV control signal 305 output voltage provides an increase in the 
oscillator sine wave amplitude and a corresponding increase in the Q output signal level. 

Figures 6 A and 6B show flow diagrams for operation of the adaptive operating 
point (AOP) circuitry, and in particular the microcontrollers U13 and U17 under the 
above embodiment. Figure 6A is a flow diagram for power-up initialization of the AOP 
circuitry, under the embodiment, while Figure 6B is a flow diagram for controlling 
operating point voltages during operation of the AOP circuitry, and following power-up 
initialization. 

With reference to Figure 6A, the power-up initialization begins with initialization 
of the processor, at block 602. An initial value is written to the DAC, at block 604. The 
initial value provides a signal of approximately 3.0 volts at the compensating varactor 
(D), and a signal of approximately 3.5 volts at the feedback pull-up resistor (Q). At block 
606, the initialization loop counter is set. The counter of an embodiment is set to a value 
of 65535 cycles or less so as to quickly start-up and stabilize signal levels. The AOP, and 
in particular, the microcontroller, decrements the initialization-loop counter, at block 608, 
and gets the ADC conversions, at block 610. The microcontroller determines, at block 
612, whether the D signal value (channel AD-0) is low, or below the quiescent operating 
point of 4.5 volts DC. If the D signal value is low, the microcontroller U13 outputs an 
appropriate signal to command the DAC U32 to output a decremented value, at block 
622. 
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If the D signal value is not low, or following decrementing of the DAC value, the 
microcontroller determines whether the D signal value is high, or above the quiescent 
operating point, at block 614. If the D signal value is high, the microcontroller U13 
outputs an appropriate signal to command the DAC U32 to output an incremented value, 
at block 624. 

If the D signal value is not high, or following incrementing of the DAC value, the 
microcontroller determines whether the Q signal value (channel AD-1) is low, or below 
the quiescent operating point, at block 616. If the Q signal value is low, the 
microcontroller U13 outputs an appropriate signal to command the DAC U32 to output 
an incremented value, at block 626. 

If the Q signal value is not low, or following incrementing of the DAC value, the 
microcontroller determines whether the Q signal value is high, or above the quiescent 
operating point, at block 618. If the Q signal value is high, the microcontroller U13 
outputs an appropriate signal to command the DAC U32 to output a decremented value, 
at block 628. 

If the Q signal value is not high, or following decrementing of the DAC value, the 
new DAC value is written to the DAC, at block 630. A determination is made, at block 
632, whether the counter is equal to zero. If not, operation returns to block 608 and 
proceeds as described above. If the counter is equal to zero, power-up initialization is 
complete and operation proceeds to controlling operating point voltages during operation 
of the AOP circuitry under Figure 6B. 

With reference to Figure 6B, following power-up initialization, a nominal 200 
millisecond delay occurs, at block 650. The AOP circuitry gets the ADC conversions, at 
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block 652 (specifically, the microcontroller receives input from the on-chip ADC). A 
determination is made, at block 660, whether a coin pass has occurred. A coin pass has 
occurred when the ADC value is less than approximately 4.08 volts for the D signal, and 
if so, operation continues at block 680, as described below. 

If no coin pass has occurred, a determination is made, at block 662, whether the D 
signal value is low, or below the quiescent operating point of 4.5 volts DC. If the D 
signal value is low, the DAC value decrements, at block 672, 

If the D signal value is not low, or following decrementing of the DAC value, a 
determination is made whether the D signal value is high, or above the quiescent 
operating point, at block 664. If the D signal value is high, the DAC value is 
incremented, at block 674. 

If the D signal value is not high, or following incrementing of the DAC value, a 
determination is made whether the Q signal value is low, or below the quiescent 
operating point, at block 666. If the Q signal value is low, the DAC value is incremented, 
at block 676. 

If the Q signal value is not low, or following incrementing of the DAC value, a 
determination is made whether the Q signal value is high, or above the quiescent 
operating point, at block 668. If the Q signal value is high, the DAC value is 
decremented, at block 678. If the Q signal value is not high, following decrementing of 
the DAC value, or if a coin is passing, the new DAC value is written to the DAC, at block 
680. 

Each of the steps depicted in Figures 6 A and 6B is of a type well known in the art, 
and can itself include a sequence of operations that need not be described herein. Those 
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skilled in the relevant art can create source code, microcode, program logic arrays or 
otherwise implement the invention based on the flowcharts of Figures 6A and 6B and the 
detailed description provided herein. The routine of the depicted embodiment is 
preprogrammed in the microcontroller chips, but alternatively can be stored in non- 
volatile memory (not shown) or removable media, such as disks. 

Figure 7A is a power-up sequence and timing plot for the LDV control signal 304 
from the LF AOP 500 and the corresponding LF-D sensor output signal 368 from the LF 
D signal (LF-D) amplifier and filter circuitry 112, under the depicted embodiment. 
Channel 1 shows the LDV or compensation voltage signal. Channel 2 shows the LF-D 
sensor output signal 368. The LDV control signal 304, controlled by the AOP routine of 
Figures 6A and 6B, begins at 3.0 volts and rises until the LF-D sensor output signal 368 
reaches 4.5 volts. The start-up sequence takes less than two seconds. 

Figure 7B is a power-up sequence and timing plot for the LQV control signal 305 
from the LF AOP 500 and the corresponding LF-Q sensor output signal 348 from the LF 
Q signal (LF-Q) amplifier and filter circuitry 1 10, under the embodiment. Channel 1 
shows the LQV or compensation voltage signal. Channel 2 shows the LF-Q sensor 
output signal 348. The LQV control signal 305, controlled by the AOP algorithm, begins 
at approximately 3.33 volts and rises until the LF-Q sensor output signal 348 reaches 4.5 
volts. 

Figure 8 shows baseline coin sensor response data 802 versus temperature 804 
for a coin sensor without AOP control circuitry. The plot presents baseline (no passing 
coin) ADC response data for the low frequency D (LFD) 810, high frequency D (HFD) 
812, low frequency Q (LFQ) 814, and high frequency Q (HFQ) 816 signals over a 
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specified temperature range from -5 degrees to +50 degrees Celsius. The ADC dynamic 
control range is represented using 12 bits, resulting in a range 822 of 0 to 4095. Thus, it 
is noteworthy that approximately 50% 820 of the dynamic range 822 of the coin sensor is 
required to accommodate the temperature sensitivity over this range, leaving only the 
remaining 50% of the coin sensor dynamic range available for use in coin discrimination 
functions. 

Figure 9 shows baseline coin sensor response data versus temperature for a coin 
sensor including AOP control circuitry, under an embodiment. This plot presents 
baseline ADC response data for the low frequency D (LFD), high frequency D (HFD), 
low frequency Q (LFQ), and high frequency Q (HFQ) signals over the specified 
temperature range when using AOP control. When compared to the results in Figure 8, 
the AOP control circuitry keeps coin sensor circuit responses relatively constant over the 
specified temperature range. This significantly reduces the sensor dynamic range 
required to accommodate temperature sensitivities, leaving almost all of the coin sensor 
dynamic range available for use in coin discrimination functions. This reduces the coin 
false-reject rate over this extended temperature range, while improving the coin 
discrimination ability. Further, the AOP circuitry eliminates tedious adjustments and 
calibrations of the coin sensor both during manufacture and during the operating life of 
the corresponding coin sensor. 

Unless described otherwise herein, the method and apparatus described and 
shown herein are well known or described in detail in the above-noted and cross- 
referenced provisional patent application. Indeed, much of the detailed description 
provided herein is explicitly disclosed in the provisional patent application; most or all of 
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the additional material of aspects of the invention will be recognized by those skilled in 
the relevant art as being inherent in the detailed description provided in such provisional 
patent application, or well known to those skilled in the relevant art. Those skilled in the 
relevant art can implement aspects of the invention based on the detailed description 
provided in the provisional patent application. 

Unless the context clearly requires otherwise, throughout the description and the 
claims, the words "comprise," "comprising," and the like are to be construed in an 
inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in a sense of 
"including, but not limited to." Words using the singular or plural number also include 
the plural or singular number respectively. Additionally, the words "herein," 
"hereunder," and words of similar import, when used in this application, shall refer to this 
application as a whole and not to any particular portions of this application. 

The above description of illustrated embodiments of the invention is not intended 
to be exhaustive or to limit the invention to the precise form disclosed. While specific 
embodiments of, and examples for, the invention are described herein for illustrative 
purposes, various equivalent modifications are possible within the scope of the invention, 
as those skilled in the relevant art will recognize. The teachings of the invention 
provided herein can be applied to other sensing or oscillator systems, not only for the 
coin sensor described above. Further, the elements and acts of the various embodiments 
described above can be combined to provide further embodiments. 

All of the above related applications are incorporated herein by reference. 
Aspects of the invention can be modified, if necessary, to employ the systems, functions 
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and concepts of the various patents and applications described above to provide yet 
further embodiments of the invention. 

These and other changes can be made to the invention in light of the above 
detailed description. In general, in the following claims, the terms used should not be 
construed to limit the invention to the specific embodiments disclosed in the specification 
and the claims, but should be construed to include all sensor, oscillator, or PLL systems 
that operate under the claims. Accordingly, the invention is not limited by the disclosure, 
but instead the scope of the invention is to be determined entirely by the claims. 

While certain aspects of the invention are presented below in certain claim forms, 
the inventors contemplate the various aspects of the invention in any number of claim 
forms. For example, while only one aspect of the invention is recited as embodied in a 
computer-readable medium, other aspects may likewise be embodied in a computer- 
readable medium. Accordingly, the inventors reserve the right to add additional claims 
after filing the application to pursue such additional claim forms for other aspects of the 
invention. 
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